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Abstract 
The intracellular pH (pHi) of Candida albicans blastospores harvested from 8 h or 48 h cultures was determined under identical 
experimental conditions by two different techniques: 3~P-NMR and laser microspectrofluorimetry. Time dependence of pH i was 
monitored by 31P-NMR on the whole cell population. Microspectrofluorimetry, after loading of the cells with SNARF-1, enabled the 
determination f pH i in isolated cells and its distribution among the cell population. By this method, the vacuolar pH could not be 
distinguished from the cytoplasmic pH in C. albicans blastospores, but alkalization of pH i was observed at the beginning of germ tubes. 
The absolute values of pH i determined by 3~p-NMR were slightly different from those obtained by laser microspectrofluorimetry. 
However, the pH distributions in the cell population were converging. For blastospores in exponential phase a gaussian distribution of pH i 
was observed with both methods, the cells maintained a steady pH i value when the external pH was varied from 5.5 to 8.5. For cells in 
stationary phase two pools were identified: the combination of the two techniques demonstrated the presence of two different 
subpopulations. One of these population (with lower pH) was able to commute to the other one with time as shown by 3~p-NMR kinetics. 
This information is reported here for the first time in C. albicans. 
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1. Introduction 
Various external conditions which induce the morpho- 
logical transition from yeast to mycelial form in Candida 
albicans have been defined (for a review see [1]). The 
ensuing intracellular events involved in this transition re- 
main poorly understood, in particular the changes in intra- 
cellular pH (pH i) which have been suggested to play an 
important role [2-4]. Different techniques were used to 
measure intracellular pH: (i) the diffusion of weak acids 
gave global information [3,4]; (ii) 31p-NMR allowed to 
Abbreviations: BCECF, 2',7'-bis (carboxyethyl)-5(or 6)-carboxyfluo- 
rescein; DAPI, 4',6-diamidino-2-.phenylindole, 2HCI;Hepes, N-(2-hy- 
droxyethylpiperazine)-N'-(2-ethanesulphonic acid); MES, 2-(N-morpho- 
lino)ethanesulfonic acid; SNARF-1, seminaphtorhodafluor-l; DMSO, 
dimethylsulfoxide 
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distinguish two inorganic phosphate (Pi) pools [4,5]. How- 
ever, it was not possible to visualize the distribution of 
these pH~ within the fungal cell population. In addition, all 
these experiments were performed under very different 
experimental conditions, thus their results are difficult to 
compare. 
Fluorimetry and pH-dependent fluorescence probes have 
already been used for measuring pH in fungal cells. Cou- 
pled with microscopy, measurement of intracellular pH 
was performed in fungal hyphae, using BCECF [6]. In this 
paper we report the measurements of pH i in isolated C. 
albicans cells performed by laser microspectrofluorimetry 
using the pH-dependent fluorescent probe SNARF-1. The 
cellular fluorescence of SNARF-1 is composed of two 
bands, one with a maximum at 590 nm and a poorly 
resolved one with a maximum around 635 nm. SNARF-1 
has already been used to measure pH i in mammalian cells 
[7-14], the relative intensity of these two bands (R) being 
pH-dependent. 
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The emission was recorded within 0.5 s and 80 cells 
were analysed. The experiment duration was quite long, 
about 30 min not including incubation time for loading the 
cells with the probe. In contrast, 31p-NMR gave global 
information on the whole population and spectra could be 
recorded every 5 min, allowing a kinetic analysis. 
Comparison of the two techniques brings some new 
information on the pH distribution in C. albicans popula- 
tion in the yeast form harvested from exponential and 
stationary growth phases 
2. Materials and methods 
SNARF-1 AM and DAPI were from Molecular Probes 
(Eugene, OR, USA); DMSO, Hepes, MES, were from 
Sigma (St. Louis, MO, USA). Vacidin was a gift from 
Prof. E. Borowski. Sabouraud medium was from DIFCO 
(Detroit, MI, USA). 
2.1. Culture conditions and cell preparation 
Candida albicans, strain 444, was a gift from Prof. E. 
Drouhet (Institut Pasteur). This strain was maintained at 
4 ° C. The cells were grown at 27 ° C in Sabouraud medium. 
For NMR experiments cells were grown in a 1 litre 
bioreactor seeded with flask subculture (2%) while for 
microspectrofluorimetry experiments cells were grown in 
200 ml flasks with continuous haking at 30 rpm. Under 
these conditions pure yeast forms were obtained as checked 
by optical microscopy. 
Cells were harvested from 8 h cultures in exponential 
phase or from 48 h cultures in late stationary phase by 
centrifugation at4000 X g at 0 ° C. Cell pellets were resus- 
pended and washed three times in buffer (137 mM NaC1, 
2.7 mM KC1, 4.5 mM KH2PO 4, 3 mM Na2HPO 4, 20 mM 
MES, 20 mM Hepes, pH adjusted to the desired pH value 
with NaOH). Under our experimental conditions vacuoles 
could be detected only in stationary phase C. albicans in 
the yeast form. This is consistent with the dependence of 
the number and size of the vacuoles with the age of the 
culture [15]. 
The final cellular concentration determined by counting 
cells with a Malassez cell was about 5. l 0  9 cells/ml (20 
mg protein/ml) for NMR experiments. For microspec- 
trofluorimetry experiments he concentration used was 5 • 
10 6 or  5 • 10  9 cells/ml. This cell suspension was kept on 
ice until use and protein concentration was determined 
according to [16]. 
2.2. Laser microspectrofluorimetry 
scope optically coupled with a Jobin-Yvon HR640 spectro- 
graph (Jobin-Yvon, Longjumeau, France). In the present 
work, the excitation was performed at 514 nm with Ar ÷ 
laser. The exciting beam was focused by a phase contrast 
X 100 Zeiss Plan Neofluar objective (NA = 1.3). A di- 
aphragm (80 /xm in diameter) was adjusted on the analysis 
path, in such a way that the analysed cell volume (a few 
mm 3) was much smaller than the cell volume. The excita- 
tion power was reduced by neutral filters to 0.1 /zW at the 
sample level. The detector was an intensified Optical 
Multichannel Analyser (Princeton Instruments) including 
1024 diodes. Data were recorded on a 80286 IBM PS/2 
8560 microcomputer using the Jobin-Yvon 'Enhanced 
Prism' software. 
The fluorescence spectra were recorded in the 530-730 
nm spectral region with an accumulation time of 0.5 s. The 
values reported for the maximum fluorescence intensity 
were obtained after numerical filtration of the experimental 
spectra involving Fast Fourier Transformation (FFT), 
Hamming windowing on the low frequencies, and inverse 
FFT. Treated spectra were superimposed over experimen- 
tal spectra in order to validate the parameters used in the 
signal treatment. 
2.3. Loading with SNARF-1 and DAPI 
Cells harvested from Sabouraud and washed in Hepes- 
MES buffer at pH 5.5, were incubated at room temperature 
for 30 min at a concentration of 2 • 107 or 2 • 10  9 cells/ml, 
depending on the concentration of the microspectrofluo- 
rimetry study, in the presence of 20 /zM SNARF-1-AM 
(from a 1 mM stock-solution i DMSO). At this concentra- 
tion SNARF-1-AM (SNARF-l-acetoxymethylester) has 
been shown to be non-toxic [18]. Cells were then cen- 
trifuged 10 min at 5000 X g, washed in the buffer chosen 
for the subsequent experiments and resuspended in the 
same buffer at the desired concentration. The distribution 
of SNARF-1 was homogeneous among the cells and inside 
the cells, as seen with a conventional f uorescence micro- 
scope. For some experiments 10 /zM DAPI (from a 1 mM 
stock-solution i methanol) was also added to the incuba- 
tion medium, in order to label the nuclei [19]. Cells were 
always used within 2 h after harvesting from Sabouraud 
medium. 
2.4. Yeast to mycelium transition 
For inducing germ tubes, blastospores at a concentra- 
tion of 10 6 cells/ml were inoculated into tissue culture 
medium, RPMI (Sigma), supplemented with 10% normal 
human plasma and incubated at 37°C [20]. 
Emission spectra from a single living cell were recorded 
with an UV-visible microspectrofluorimeter d veloped in 
our laboratory and previously described [17]. It consists of 
a Zeiss UMSP 80 confocal UV epifluorescence micro- 
2.5. Preparation of  cell-free extracts 
5 ml of yeast suspension (5 • lO  9 cells/ml) were cen- 
trifuged at 4000 X g, the pellet was extracted by perchloric 
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acid (10%). The sample was then frozen-thawed three 
times in liquid nitrogen-w'ater bath (37 ° C). After centrif- 
ugation at 12000Xg for 2 min, the supernatant was 
collected and neutralized by K2CO 3 (2 M). The sample 
was centrifuged again (2 min, 12 000 X g), the supernatant 
supplemented with 10% D20 was ready for 31p-NMR 
experiments. 
2.6. 31p-NMR spectroscopy 
Experiments were performed on a Bruker MSL 300 
spectrometer at 21 ° C, 31p..NMR spectra were accumulated 
at 121.49 MHz in 5 min blocks (45 ° pulse: 7.5 /xs, 1 K 
data points, 1 s repetition time, 300 scans). 2 ml of the cell 
suspension was transferred to 10 mm diameter tubes and 
100 /zl of D20 added for shimming and locking the field. 
31p chemical shifts were referenced to external 85% phos- 
phoric acid. 
NMR experiments were performed in the absence of 0 2 
bubbling, anaerobic onditions were checked with an 0 2 
electrode. 
3. Results 
3.1. Laser microspectrofluorimetry experiments 
For C. albicans blastospores harvested from exponen- 
tial phase and incubated in buffers at pH 5.5 and 7.5, the 
fluorescence mission spectra of SNARF-l- loaded cells, 
obtained with an excitation at 514.5 nm, presented the 
characteristics already observed with mammalian cells [8] 
that is a well resolved band with a maximum at 590 nm 
and a shoulder at 635 nm (Fig. la). The fluorescence of 
the extracellular medium was always negligible as com- 
pared with the cellular one. At both pH the distribution of 
F 
b 
Fig. 1. Fluorescence emission spectra of a SNARF-l-loaded C. albicans 
cell (excitation wavelength 514.5 nm; normalised spectra): (a) C. albicans 
in exponential phase, (b) C. albicans in stationary phase, (c) difference 
spectra - b. 
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Fig. 2. Distribution of the values of the ratio R of the intensities of 
fluorescence at 635 nm and 590 nm in a population of C. albicans cells 
in exponential phase in buffer at pH 7.5. 
the ratio R of intensity measured at 635 nm to that 
measured at 590 nm was found to be gaussian (Fig. 2) with 
a mean value of 0.57 + 0.04. No significant differences 
could be detected between the different compartments: 
cytosol, nucleus, buds. The same experiments performed in 
PBS instead of Hepes-MES buffer led to similar results 
(data not shown). 
For C. albicans in stationary phase the results were 
more complex. First, the presence of vacuoles was gener- 
ally observed. Second, in a large fraction of the cell 
population (between 20% and 50%, depending on the 
batch of cells) SNARF-1 emission presented a supplemen- 
tary band below 590 nm. As shown from the comparison 
of spectra  and b (Fig. 1), the maximum of this extra band 
was located around 550 nm. Such an emission has not 
been reported in the former studies on mammalian cells. It 
should be noted that: (i) this band has been observed with 
a microspectrofluorimeter but it would not have been 
detected with a fluorescence microscope only equipped 
with pass-band filters; (ii) the appearance of the band was 
not specific of a defined part of the cell such as vacuoles, 
which were well apparent in these cells. The strong over- 
lap of this band with the typical emission observed in 
SNARF-1 loaded cells in exponential phase resulted in a 
more or less pronounced blue shift of the main fluores- 
cence band. We thus discarded cells exhibiting low wave- 
length emission, selecting cells presenting the typical fluo- 
rescence. For these cells, at a concentration of 1.5. 10 7 
cells/ml the R value was found 0.60 _ 0.07 at pH 5.5 and 
0.61 ___ 0.07 at pH 7.5. At the concentration corresponding 
to the 31P-NMR experiments (5. 10 9 cells/ml), this frac- 
tion of cells presented a lower R value (0.53 _ 0.05). 
pH was also determined along the length of newly 
formed germ tubes. Although there was considerable intra- 
cellular variation, a pH gradient was seen in all cases. At 
the level of the mother cell we found that R = 0.50 +__ 0.07 
(pH < 5.5). At the levels of the beginning, the middle and 
the apex of the germ tube, the R values were respectively 
0.89 _ 0.11 (pH = 8.25), 0.65 _+ 0.12 (pH = 7.5) and 0.50 
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_ 0.11 (pH < 5.5). This result is consistent with the alka- 
linization already described during germ tube induction 
[3,4]. Very recently, cytosolic pH gradients associated with 
polar tip growth were also evidenced in rhizoid cells of 
Pelvetia embryos [21]. 
Calibration of the ratio R of the intensity of fluorescence 
at 635 and 590 nm as a function of pH i 
This calibration is essential: it is necessary to know the 
characteristics of fluorescence of SNARF-1 inside the cell 
at a known intracellular pH, the pH-dependence of the 
spectra being very sensitive to the fluorophore nviron- 
ment and different in aqueous olution from that in cyto- 
plasm [8]. This determination can be achieved by equili- 
brating the pH on both sides of the plasma membrane. In 
contrast with what is observed with mammalian cells, 
nigericin was not efficient on C. albicans cells. This is 
consistent with the very high MIC (> 100 /xg/ml) of 
nigericin determination on C. albicans cells [22]. The 
increase of the permeability of the cells with 
toluene/ethanol/10% Triton X-100 [23] could not be used 
because it induces leakage of the probe. Finally we used 
vacidin, an aromatic polyene antibiotic which is known to 
be active on C. albicans and induce proton permeability 
[24]. At a concentration of 10 ~M, vacidin (from a 3 mM 
stock-solution in DMSO) induced within 2 min a pH 
change in the cytoplasm of C. albicans in the exponential 
phase at a concentration of 2 • 10 7 cells/ml, while the pH 
of the nucleus remained unaffected. It was only after 
approximately 15 min that the pH of the nucleus reached 
the same value as that of the cytoplasm, the pH being then 
homogeneous all over the cell. The calibration curve ob- 
tained in the presence of vacidin between pH 5.5 and 8.0 is 
given in Fig. 3A. From this calibration curve, the cytoplas- 
mic pH of C. albicans blastospores harvested uring the 
exponential growth phase was estimated at 6.00 + 0.45 
(P < 0.05, using the Student-Fisher test). 
We also determined a calibration curve with C. albi- 
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Fig. 4. 31p NMR spectra t 121.5 MHz, 21 ° C, accumulated for 5 min, of 
exponential phase (8 h) C. albicans in the yeast form (5.109 cells/ml) 
resuspended in buffer (137 mM NaC1, 2.7 mM KCI, 4.5 mM KH2PO 4, 3 
mM Na2HPO4, 20 mM MES, 20 mM Hepes), pH adjusted to 5.5 (A) or 
8.0 (B). I: sugar phosphates, glycolytic intermediates and mononu- 
cleotides; II: intracellular Pi; III: extracellular Pi, IV: glycero-3-phos- 
phorylserine (GPS); V: glycero-3-phosphorylcholine (GPC); VI: cell-wall 
phosphomannans; VII: "yATP and /3ADP; VIII: c~ATP, c~ADP, and 
NADP; IX: /3ATP; X: polyphosphates. 
cans homogenate solutions incubated with SNARF-1-AM. 
Washed C. albicans blastospores were homogenized in a 
Braun homogenizer. The homogenate was centrifuged at 
10 000 × g for 30 min. The calibration curve obtained was 
2.5 
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Fig. 3. Calibration curves for pH measurements. (A) Titration curves of SNARF-I deduced from the ratio R of the fluorescence emission bands at 590 and 
635 nm obtained by microspectrofluorimetry in cells (O) (pH of cells was equilibrated with that of buffer, by addition of 10 mM vacidin) or in buffer (O)  
(137 mM NaC1, 2.7 mM KCI, 4.5 mM KH2PO4, 3mM Na2HPO4, 20 mM MES, 20 mM Hepes). (B) Titration curves of phosphoric acid deduced from 31 p 
chemical shifts of spectra recorded in perchloric extracts ( + ) or in buffer ( X ) (137 mM NaC1, 2.7 mM KC1, 4.5 mM KH 2 PO4, 3 mM Na 2 HPO 4, 20 mM 
MES, 20 mM Hepes). 
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Fig. 5. Time dependence of the internal and external pH of C. albicans in the yeast form. (A) Cells harvested from 8 h exponential phase. Cytoplasmic pH 
corresponding to signal II in Fig. 4A (O), external pH (+). (B) Cells harvested from 48 h stationary phase. Intracellular pH corresponding to signal IIa 
(O) and to signal ib (0 )  in Fig. 7. External pH (+). 
close to that obtained with vacidin. Both curves were very 
different from that determined in aqueous olution but very 
close to that determined inside mammalian cells [8]. 
3.2. 31p-NMR spectroscopy experiments 
The intracellular and extracellular pH of C. albicans 
blastospores were determined from the chemical shift of 
the internal and external inorganic phosphate 3]p reso- 
nances respectively. For this purpose calibration curves 
were established (Fig. 3B) by using cell-free extracts and 
resuspension buffer. The internal pH calibration curve was 
slightly shifted, reflecting the influence of intracellular 
cations. 
Exponential phase Candida albicans in the yeast form 
A 31p-NMR spectrum of C. albicans cells harvested 
from 8 h exponential phase and resuspended in pH 5.5 
buffer is presented in Fig. 4A. The 31p resonances were 
assigned by comparison with 31p-NMR spectra of C. 
albicans [5], C. tropicalis [25] and S. cerevisiae [26-28] or 
by adding commercial standards to the cell-free xtracts. 
The broad band (I) centered on 3.5 ppm contains reso- 
nances of sugar phosphates, glycolytic intermediates and 
l l  +IiI 
X 
I IV 
(13) 
(A) 
: ~ ~ -'2 ' - ' , '  -'~ ' -'. ' - I0  . . . . . . .  -,2 -1, -,~ - I . ' -~0 ' -~2 '  
Chemical shift (ppm) 
Fig. 6. 31p NMR spectra t 121.5 MHz, 21 ° C, accumulated for 5 min of stationary phase (48 h) C. albicans in the yeast form resuspended in buffer 
adjusted to pH 5.5 (A) or pH 8.0 (B). The resonance assignments are the same as in Fig. 4. IIa and IIb correspond to the intracellular Pi of two cell 
populations. 
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mononucleotides. The narrow signal (III) resonating at 
1.11 ppm corresponds to the extracellular inorganic phos- 
phate; it was used as extracellular pH probe. The reso- 
nances VI ( -  1.25 ppm) and X ( -  22 ppm) were assigned 
to the cell-wall phosphomannans and polyphosphates re- 
spectively [5,25,26]. The presence of di- and tri-nucleo- 
tides was observed at -6  ppm (TATP and /3ADP) (VII), 
- 10.77 ppm (aATP ,  aADP and NADP) (VIII) and - 19 
ppm (/3ATP) (IX). The signal V resonating at 0.4 ppm 
corresponds to glycero-3-phosphorylcholine (GPC) as 
shown by addition of commercial GPC to perchloric ex- 
tracts. When the external pH was shifted to pH 8.0 (Fig. 
4B), another signal, IV, was detected at 0.9 ppm which 
was first overlapped by the external Pi resonance in Fig. 
4A. It was attributed to glycero-3-phosphorylserine (GPS) 
by adding this compound to perchloric extracts. The reso- 
nances of the GPC and GPS are pH-independent as previ- 
ously described by Navon [28] in S. cerev is iae .  Under our 
experimental conditions, the intensity of GPS was very 
variable depending on culture batches, this might explain 
why Cassone [5] mentioned only the presence of GPC but 
not GPS. The resonance II at 1.89 ppm was assigned to the 
cytoplasmic inorganic phosphate and was used as intra- 
cellular probe. From Fig. 3B, the cytoplasmic pH was 
l h  1111 
rn 
. . . . . . . . . . . . . . . . . . .  I . . . . .  • i . i . t , t . i , i . i . i . .e  . i . i 
2.0 - .o  -2 .o  - f , .o  -e .o  -e .o  - so .o  - t2 .o  -s,~.o -as .o  - se .o  -2o .o  
Chemical shift (ppm) 
Fig. 7.31 p NMR spectra of stationary phase of C. albicans in the yeast form were collected every 5 min for 75 min. The experimental conditions were the 
same as described inFig. 6A. Only spectra collected at time 0, 5, 15, 30, 45, 60 and 75 min are presented. Ila and IIb correspond tothe intracellular Pi of 
two cell populations, III corresponds to the external Pi- 
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estimated at 6.56 _ 0.04 (n = 16). This signal was much 
wider than the external Pi resonance indicating a distribu- 
tion of the internal pH between 6.95 + 0.08 and 6.06 + 
0.11, however the cell population was rather homoge- 
neous. When C. albicans blastospores were resuspended in 
buffers the pH of which was adjusted between pH 5.5 and 
pH 8.0, no significant change of the cytoplasmic pH value 
was observed, showing a very good regulation by the cells 
(data not shown)• 
In vivo 31P-NMR spectroscopy allowed to record spec- 
tra every 5 min for 50 min on the same sample; the time 
course of the cytoplasmic and external pH is presented in
Fig. 5A. The external pH remained unchanged with time, 
mainly as a consequence of a well buffered external 
medium. The cells maintained a rather stable cytoplasmic 
pH though a slight decrease occurred from pH = 6.56 to 
pH = 6.36. This could result from a metabolic change 
induced by transferring the cells from 0 ° C to 21 ° C or from 
CO 2 accumulation under anaerobic onditions• 
Stationary phase C. albicans in the yeast form 
A 3x P-NMR spectrum of C. albicans in the yeast form 
harvested from 48 h stationary phase and resuspended in a 
pH 5.5 buffer is presented in Fig. 6A. The assignments of
the different signals were similar to those of exponential 
phase C. albicans cells. When the external pH was shifted 
to pH 8.0, the resonance IV was clearly detected and was 
assigned to GPS by addition of standard to cell-free ex- 
tracts. The ratio GPS/GPC measured on this spectrum 
(Fig. 6B) was higher that the ratio measured in the spec- 
trum of Fig. 4B. This is consistent with a more important 
synthesis of GPS during stationary phase compared with 
exponential phase, as reported by Mishra [29]. The 
polyphosphates concentration (signal X) was variable de- 
pending on C. albicans cultures harvested uring the 
stationary phase; on the contrary Cassone [5] reported that 
it was dependent on the growth phase. The very broad 
signal II was attributed to the intracellular pH, indicating a
very heterogeneous pH distribution. However two main 
pools of pH could be distinguished centered on two main 
pH values (6.55 + 0.08, 5.94 + 0.08), corresponding to 
signals IIa and IIb. These two pools were always detected 
even though their ratio was variable. The extreme pH 
values for pool IIa were from 6.29 _+ 0.06 to 6.80 + 0.06, 
and from 5.69 + 0.09 to 15.29 + 0.06 for pool IIb. These 
two pools may be attributed to two distinct cell popula- 
tions or to two cell compartments (i.e. cytoplasm and 
vacuole). Similarly, signal I was very broad, the chemical 
shifts of sugar phosphates being pH-dependent. 
31p-NMR spectra of C. albicans blastospores were 
collected every 5 min for 75 rain (Fig. 7). The whole shape 
of the broad signal II evolved with time to a narrower 
signal: the intensity (Int.) of signal IIa increased (Int. = 9.2 
to 14.7) while that of signal IIb decreased (Int. = 8.0 to 0) 
as a result of shifting of signal IIb under signal IIa. Fig. 5B 
presents the evolution of the pH deduced from the chemi- 
cal shifts of signals IIa, IIb and III. The external pH (signal 
III) remained constant almost throughout the experiment. 
The pH corresponding to signal IIa decreased from pH 
6.47 to 6.25, in parallel the pH of pool lib was centered on 
pH = 5.95 during the first 30 minutes and then increased 
to pH 6.25. It looked like Pi belonging to pool lib progres- 
sively commuted to pool IIa: during the first 35 min these 
two pools kept a rather constant pH, then the pH of pool 
lib shifted to more basic values (a shoulder was seen in 
signal IIa). After 60 min the gathering of the two pools led 
to cells with a more homogeneous pH (corresponding to
the pH of pool IIa). 
4. Discussion 
In this work we have measured the intracellular pH of 
C. albicans blastospores harvested from exponential phase 
or stationary phase, by two different techniques: mi- 
crospectrofluorimetry and 31p-NMR spectroscopy. The 
cells were prepared and analysed under the same experi- 
mental conditions. The only difference was that cells kept 
in ice were brought at room temperature and immediately 
studied by NMR while a time lag of about 30 min 
(SNARF-1 loading time) was necessary before fluores- 
cence spectra could be recorded• 
The results concerning the profiles of pH distribution in 
the cell populations, independently of the absolute values 
of the pH, were very similar: for exponential phase cells, 
the pH was homogeneously distributed; on the contrary for 
stationary phase yeasts, two pools were clearly identified. 
The ratio of these two pools, as evidenced by the two 
techniques, could vary from one culture to the other• 
Microspectrofluorimetry, b  analysing volumes of a few 
/zm 3, is the only method able to give information about pH 
topography (the feasibility of these measurements was 
checked by measuring a pH gradient all along germ tubes 
of C. albicans). The pH appeared homogeneous in each 
cell, in particular the vacuoles observed in the stationary 
phase did not appear more acid than the cytosol. However 
it should be noted that the pK a of SNARF-1 is too high to 
be well fitted to the measurements of the acidic pHs of C. 
albicans. The changes of fluorescence are weak in the 
range of pH studied (5.5-7.5). 
With cells harvested from stationary phase, the observa- 
tion of spectra presenting an additional band with a maxi- 
mum around 550 nm, indicated the presence of two dis- 
tinct cell populations in the sample. These spectra started 
to be recorded 30 min after the removal of the cells from 
ice and the beginning of incubation; no spectral evolution 
was observed uring the microspectrofluorimetry experi- 
ment (20 min). From NMR experiments by collecting 
information about the whole population, and not on each 
cell, two phosphate pools could be distinguished, which 
progressively converged to a single one after a 35 min 
• 31 incubation. A clear assignment of P signals was difficult: 
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in particular it was difficult to conclude to the presence of 
two cell populations or to the presence of two cell com- 
partments. Cassone [5] assigned the Pi signals observed in 
its 3~p-NMR spectra to the presence of vacuolar and 
cytoplasmic Pi. These assignments were mainly consorted 
by the well known acidity of vacuoles compared with 
cytoplasm. Information brought by laser microspectrofluo- 
rimetry together with kinetics studies performed by 31 p_ 
NMR prompted us to propose a different hypothesis, i.e. 
the presence of two distinct cell populations instead of two 
cell compartments. For stationary phase C. albicans cells, 
it was remarkable that one of these sub-populations had 
the same pH that the population of exponential phase cells. 
It looks as if a 'normal population' coexisted with a 
second pool having a different metabolic state (more acidic 
pH). 31p-NMR kinetics (Fig. 5B) showed that during the 
35 first minutes these two distinct populations maintained 
a rather constant pH. Then the second pool recovered a
more basic pH with time as a result of commutations of
cells from that population (IIb) to the 'normal' one (IIa), 
as shown by the increasing of the intensity of signal IIa. It 
is worth noting that at the end of the kinetics, the width of 
the signal (pH between 6.74 and 5.77; i.e. ApH = 1.00 
unit) was the same as that observed with exponential phase 
cells (ApH = 0.89 unit). This could be interpreted as a 
recovery of normal metabolic state induced by transferring 
the cells from 0°C to 21°C in the spectrometer, under 
these conditions the cells catabolized their endogenous 
glycogen or trehalose stores [30-32]. The time dependence 
of the pH of pool IIb is consistent with the existence of 
two cell populations rather than with the presence of 
different vacuolar and cytosolic pHs: temperature changes 
would not lead to a vacuolar pH gradient collapse while 
the cytoplasmic pH gradient remained constant. Applied to 
the microspectrofluorimetry experiments, this interpreta- 
tion leads to the proposal that the stationary phase cells 
which have initially a more acidic pH (IIb), could irre- 
versibly metabolize SNARF-1 at the beginning of the 
incubation into a compound with a fluorescence band at 
around 550 nm. Another origin for this fluorescence ould 
also be found in a higher contribution of cell autofluo- 
rescence indicating a change of the cell physiology, com- 
patible with the appearance of a cell subpopulation. In
addition 31p experiments performed with 10 -4 M ampho- 
tericin B (see the companion paper) showed that only the 
pH of pool lib was affected: the kinetics of 'normal' 
metabolic state recovery was slowed down. Again, this is 
more consistent with the presence of a less actively metab- 
olizing cell population rather than the behaviour of a 
vacuolar compartment: indeed Schwencke [33] showed 
that nystatin, a polyene antibiotic, was not efficient on 
isolated yeast vacuoles. Thus it is likely that amphotericin 
B would affect cytoplasmic pH gradient preferentially to 
vacuolar pH gradient. 
In conclusion, the interpretation f our NMR results are 
not in complete disagreement with those of Cassone: under 
his experimental conditions he might have detected two 
different Pi within the same cells and not a subpopulation; 
in our case Pi was not enough concentrated, or the pH not 
enough acidic in the vacuole to be identified while two 
distinct cell populations did coexist in our sample as 
confirmed by laser microspectrofluorimetry. 
Both NMR and microspectrofluorimetry experiments 
showed that the cytoplasmic pH remained constant when 
the external pH was varied from pH 5.5 to pH 8.0. Kaur 
[3] reported a good maintenance from pH 3.5 to 6.5 but an 
increase (ApH = 1.0) over pH 6.5. 
Though the pH distribution in the cell populations 
determined by 31p_NMR spectroscopy or microspectroflu- 
orimetry under various experimental conditions was in 
very good agreement, he absolute pH values determined 
were somewhat different, being approximately half a pH 
unit lower when determined by microspectrofluorimetry. 
This discrepancy was not observed in Propion ibacter ium 
acnes, comparing 31p-NMR and the fluorescence of the 
probe BCECF [34]. Differences in pH values could be due 
to differences in calibration curves (Fig. 3): the titration 
curve of inorganic phosphate stablished by 31p-NMR 
spectroscopy on perchloric extracts, and not in vivo as 
performed by laser microspectrofluorimetry could lead to 
some incertitudes due to the modifications of the ionic 
strength; however the 31P-NMR titration curve was more 
convenient for measuring low pH (5.5 to 6.5). 
Our pH values were compared with those obtained with 
other techniques or under different experimental condi- 
tions. For exponential phase C. albicans in the yeast form, 
Cassone [5] measured a cytoplasmic pH of 6.7; this value 
was rather similar to ours using the same technique (31 p_ 
NMR) though his experimental conditions presented some 
differences (cells were resuspended and washed in distilled 
water; the final cellular concentration was 5 • 1011 cells/ml 
and spectra were recorded at 4 ° C). Kaur [3] obtained much 
higher values (pH 7.25) using radiolabelled free acids as 
pH probe. 
For the stationary phase blastospores, Stewart [4] pro- 
posed pH values of 6.80 + 0.15 and 6.5 when measured 
with radiolabelled probes and 31P-NMR respectively. This 
last value is in agreement with that of population IIa in our 
31P-NMR spectra (6.55). In addition we observed a second 
population (IIb), the pH of which was around pH 5.94. 
Independently of our disagreement concerning the assign- 
ments of these resonances, this value is in the same range 
as that described by Cassone for that which he assigned to 
cytoplasmic pH [5]. He measured a vacuolar pH of 6.3 and 
5.8 in yeasts harvested from 24 h and 48 h cultures, 
respectively. 
5. Conclusion 
This work highlighted advantages and inconveniences 
of two different echniques to measure intracellular pH. 
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31P-NMR spectroscopy does not require any exogenous 
probe, it allows the easy record of kinetics. In addition the 
titration curve of inorganic phosphate is convenient for 
measuring pH between 6 and 7. The concentration of cells 
needed for an experiment is high (5 • 10 9 cells/ml) and an 
overall estimation of pH i is only obtained. For pH deter- 
mination with microspectrofiuorimetry, it is necessary to 
load the cells with a pH-dependent fluorescent probe. 
Recording the spectra for one cell is rapid (0.5 s) but is 
time-consuming for a population of cells. There is no 
constraint on cell concentration. Distribution of pH among 
individual cells could be obtained. The topology of pH~ for 
one isolated cell could be expected to be obtained but in 
the particular case of C. albicans and its acidic pH i, the 
response of SNARF-1 to the changes of pH was weak and 
no differences could be found between cytosol, nucleus, 
vacuoles and other organelles. However an alkalization of 
the beginning of the germ tube was observed. The determi- 
nation of cellular fluorescence spectra allows to evidence 
spectral changes occurring in cells, which could not be 
observed when only pass band filters are used. It seems 
finally that part of the advantages expected from laser 
microspectrofluorimetry, which could not be developed in 
the present study, will appear as soon as a fluorescent 
probe with an appropriate p K a will be synthesized. 
Finally, this study brought new information about C. 
albicans in the yeast form harvested from stationary phase: 
the combination of 3~p-NMR kinetics and of individual 
cell measurements by laser microspectrofluorimetry evi- 
denced the presence of two cell populations, indicating 
different metabolic states, One of this population (with 
lower pH) was able to commute to the other one. 
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